Adipocytes arise from multipotent stem cells of mesodermal origin, which also give rise to the muscle, bone, and cartilage lineages. However, signals and early molecular events that commit multipotent stem cells into the adipocyte lineage are not well established mainly due to lack of an adequate model system. We have identified a novel source of adult stem cells from the external murine ears referred to here as an ear mesenchymal stem cells (EMSC). EMSC have been isolated from several standard and mutant strains of mice. They are self-renewing, clonogenic, and multipotent, since they give rise to osteocytes, chondrocytes, and adipocytes. The in vitro characterization of EMSC indicates very facile adipogenic differentiation. Morphological, histochemical, and molecular analysis after the induction of differentiation showed that EMSC maintain adipogenic potentials up to fifth passage. A comparison of EMSC to the stromalvascular (S-V) fraction of fat depots, under identical culture conditions (isobutyl-methylxanthine, dexamethasone, and insulin), revealed much more robust and consistent adipogenesis in EMSC than in the S-V fraction. In summary, we show that EMSC can provide a novel, easily obtainable, primary culture model for the study of adipogenesis.
path in which multipotent stem cells are first determined to become preadipocytes and then followed by the differentiation of preadipocytes into mature adipocytes. Assuming that the mechanism controlling the differentiation of 3T3-L1 cells to adipocytes in culture accurately represents in vivo mechanisms, we then know much about the process (6, 7, 8) . However, cell signaling and transcriptional mechanisms that promote commitment of mesenchymal precursor cells to the adipocyte lineage are not well established as underscored in recent reviews (7) (8) (9) (10) . Appropriate model systems to analyze the commitment of multipotent stem cells to the adipocyte lineage have been lacking (9) . For the study of this process, embryonic stem (ES) cells, bone marrow cells, and the multipotent murine embryonic cell line C3H10T1/2 have been used (11) (12) (13) (14) (15) (16) . Differentiation of ES cells into adipocytes requires formation of embryoid bodies, exposure to retinoic acid (RA) for a precise time, and then treatment with the standard cocktail of adipogenic hormones. Dani et al. (12) have shown that all-trans-retinoic acid is required for the determination of ES cells into the adipogenic lineage. However, retinoic acid is also a factor that can block adipogenesis in 3T3 cells (17) . Bone marrow stromal cells possess a pool of multipotent mesenchymal cells that are able to differentiate into osteoblast, adipocytes, chondrocytes, and hematopoietic cells in vitro (13, 14, 18, 19) . Ex vivo expanded human bone marrow stromal cells require 3 wk of adipogenic stimuli to form adipogenic colonies, and they loose their adipogenic potential at passage 3 (14) . Recently, it has become evident that signaling molecules and transcription factors that suppress differentiation into one lineage will stimulate differentiation into another, for example, repression of PPARγ will inhibit adipogenesis and stimulate osteogenesis, while inactivation of RhoGAP will inhibit adipogenesis and stimulate myogenesis (20, 21) . Accordingly, it is important to develop cell culture systems from a variety of tissue types that will facilitate the elucidation of the earliest steps in mesenchymal stem cell differentiation.
We have established a primary culture of mesenchymal stem cells from the external ears of juvenile and adult mice. These cells are capable of readily differentiating into the three main lineages: osteocytes, chondrocytes, and adipocytes (22) . This culture system promises to provide a model for the analysis of the early molecular events controlling stem cell commitment to the adipocyte lineage. The objectives of the present study were 1) to investigate the conditions for commitment of EMSC to the adipogenic lineage; 2) to compare adipogenesis of EMSC to that of the stromal-vascular (S-V) cells present in fat depots of mice; and 3) to generate and characterize clones of EMSC. We show that the differentiation of EMSC into adipocytes provides a unique system for the characterization of the early events in adipogenesis both in vitro and in vivo. Additionally, we provide evidence that EMSC can also undergo a multipotent differentiation pathway at the clonal level.
MATERIALS AND METHODS

Materials
Unless otherwise specified all chemicals were obtained from Sigma (St. Louis, MO.) at the highest purity available.
Cell culture
External ears and inguinal fat depots were collected from Hsd:Athymic Nude-nu, FVB, and C57BL/6J mice; minced and digested with collagenase class I (2 mg/ml; Worthington Biochemical Corp., Freehold, NJ) in a shaking water bath at 37°C for 1 h. Dissociated cells were filtered through a 100 µm (S-V fraction of fat depot) and 70 µm (EMSC) cell strainer (BectonDickinson Labware, NJ) and centrifuged at 360 g for 5 min. Pelleted cells were resuspended for 1 min in red blood cell lysing buffer (Sigma) to remove erythrocyte contamination and were centrifuged at 360 g for 5 min. Cells were plated in 35 mm Petri dishes (P=0) in Dulbecco's modified Eagle's medium (DMEM-F12; Life Technologies, New York, NY) supplemented with 15% of fetal bovine serum (FBS; Life Technologies) and antibiotics-complete medium. Subconfluent primary cultures were detached (0.05% trypsin-0.53 mM EDTA; Life Technologies), replated in complete medium, and subcultured a density of 5 × 10 4 cells/ml in six-well culture plates.
In vitro differentiation
The capacity of EMSC to differentiate into the adipogenic lineage was verified up to passage five (P=5). Cells were plated at 5 × 10 4 /ml in six-well culture plates and maintained in complete medium. Four of the replicas that reached confluence were stimulated with differentiation medium (DMEM-F12 plus 4% FBS supplemented with 1.7 µM insulin, 1 µM dexamethasone, and 0.5 mM isobutyl-methylxanthine) for 5 days; the fifth, as a control, was maintained in DMEM-F12 medium plus 4% FBS, but without the adipogenic differentiation factors; and the sixth was subcultured for the next passage. Differentiated cells in two out of four wells from each passage were stained with oil red O for the presence of lipid droplets, and RNA was isolated from the other two and the control culture for RT-PCR analysis.
EMSC cloning procedures
Procedure for cloning EMSC was similar to those used by Muraglia et al. (14) . EMSC were isolated and plated in 35 mm Petri dishes (P=0) as described above. Subconfluent primary cultures were detached (0.05% trypsin-0.53 mM EDTA) and were plated at a density of 100 cells/ml in 96-well plate (≈10 cells per well) in complete medium (P=1). The plates were monitored every day, and wells with single clone were marked. Clones were evident after 2 wk. Subconfluent clonal cultures were detached (0.05% trypsin-0.53 mM EDTA) and plated in 24-multiwell plate (1 clone/1 well; P=2). The procedure was repeated until 12 wells (replicas) of a 24-multiwell plate of each clone (P=4) were obtained. Out of the 12 replicas of each clone, 9 were stimulated for differentiation experiments when cells reached confluence and 3 unstimulated cultures were used as controls.
Osteogenic differentiation
Confluent cells were stimulated for 20 days in DMEM-F12 medium supplemented with 10% FBS, 200 µM ascorbic acid 2-phosphate, 10 nM dexamethasone, and 7 mM β-glycerophosphate.
Chondrogenic differentiation
Differentiation was induced with DMEM-F12 medium supplemented with 10% FBS, 200 µM ascorbic acid 2-phosphate, 100 nM dexamethasone, and 1 ng/ml of transforming growth factor-β1 (TGF-β1; Life Technologies) for 14 days.
Adipogenic differentiation
Confluent cells were stimulated for 5 days in DMEM-F12 medium supplemented with 4% FBS, 1.7 µM insulin, 1 µM dexamethasone, and 0.5 mM IBMX.
The photos were taken at the last day of experiment, and then cells were collected for RNA extraction.
Adipogenic phenotyping of preadipocytes and EMSC
To compare the adipogenic capacity of preadipocytes to EMSC, the S-V fraction of inguinal fat depots and ears tissues was collected from FVB and C57BL/6J mice. Isolated cells were initially plated in 35-mm dishes at ~1.5 × 10 4 /cm 2 seeding density and then replated (P=1) into 24-well plate in 8 replicas at 5 × 10 4 /ml. It has been shown that replating results in accurate plating densities that affect the capacity of marrow stromal cells and preadipocytes to differentiation (23, 24) . At confluency, cells received differentiation medium (DMEM-F12 plus 4% FBS supplemented with 1.7 µM insulin, 1 µM dexamethasone, and 0.5 mM IBMX) for 5 days, and then for the next 4 days medium was changed to DMEM-F12 plus 4% FBS, 2 µM of thiazolidinedione (TZD), and 10 nM insulin (25) . Every second day during this process selected cultures were removed for biochemical/morphological analysis by staining with oil red O and extracting the dye to measure absorbance at 500 nm. In addition, total protein and RNA were isolated from similar cultures to measure marker gene expression by Western blotting and RT-PCR.
Oil red O staining
A stock solution of oil red O (0.7 g in 200 ml of isopropanol) was prepared and filtered through a 0.2 µm filter. A working solution was prepared by diluting 60 ml of stock solution in 40 ml of distilled water, left for 1 h at room temperature, and filtered through a 0.2 µm filter before use. Cells in 24-well plate fixed in 10% buffered formaline were stained with 200 µl oil red O working solution for 10 min at room temperature. The cells were rinsed fives times with water. The dye retained by the cells was eluted by incubation with 750 µl of isopropanol and quantified by measuring absorbance at 500 nm (26) .
Leptin ELISA assay
The leptin ELISA assay was performed according to the supplier's instructions (R&D Systems, Minneapolis, MN). EMSC (P=1) collected from C57BL/6J mice (n=6) were seeded at density of 0.05 × 10 6 /ml in 24-well plates. Confluent cultures were stimulated with differentiation medium for various times: 3, 6, 12, 24, 48, 72, 96 , and 120 h in four replicates each. Afterward, cultures were rinsed twice with serum-free medium, changed to the DMEM-F12 medium with 4% FBS and 10 nM insulin, and maintained for up to 168 h to the end of experiment. Control cultures, without adipogenic stimulation, were maintained in DMEM-F12 medium containing 4% FBS and 10 nM insulin. Medium was changed every 48 h. The leptin assay was performed using 48 h conditioned medium in the presence of 4% FBS. Values are expressed as picograms of leptin per milliliter.
Measurement of 2-deoxyglucose uptake
2-Deoxyglucose uptake rates were measured in preadipocytes and adipocytes as described by Frost and Lane (27) . Briefly, cells were washed twice with DMEM and incubated for 2 h at 37°C in DMEM with no supplements. Cells were then washed twice in PBS and incubated in 0.5 ml of PBS with or without 200 nM insulin for 30 min at 37°C. Cells were washed with PBS and then incubated in 150 ul PBS containing 0.1 mM 2-deoxyglucose and 1 uCi/ml of 2-deoxy-D-3 Hglucose for 10 min. Assays were terminated by rapidly washing the cells three times with icecold PBS. Cells were solubilized with 300 ul of 0.1% SDS, and 3 H was quantified in 4 ml of scintillant using Beckman LS6500 scintillation counter. Nonspecific deoxyglucose uptake was measured in the presence of 20 uM cytochalasin B and substracted from all experimental values. Protein contents were measured by the Lowry method (28).
RT-PCR analysis
Total RNA from EMSC and preadipocytes cultures was extracted using Trizol reagent as recommended by the supplier (Life Technologies). First-strand cDNA was synthesized from 1 µg of total RNA primed with oligo dT (Life Technologies) using Moloney mouse leukemia virus reverse transcriptase (200 U/assay), as described by the supplier (Life Technologies), in the presence of 1 ul of RNase inhibitor, 0.1 M dithiotreitol, and 0.5 mM of each dNTP. Oligonucleotides were designed and purchased at One Trick Pony Oligos Division (Ransom Hill Bioscience). Amplification was performed on cDNA using a set of primers designed from sequences reported in GenBank (Table 1) .
Sequences for osteocalcin primers were obtained from Desbois et al. (29) . PCR was performed with Taq DNA polymerase (Promega), using 5 µl of cDNA in the presence of 25 pmol of each specific primers (Table 1) , 0.2 mM of each dNTPs, and 2.5 mM MgCl 2 . PCR conditions were as follows: an initial denaturation at 95°C for 5 min, then at each cycle a 1 min denaturation at 95°C, annealing for 45 s at 55°C for aP2 and PPARγ, 56°C for cyclophillin, procollagen II α, 59°C for LPL, macrosialin, and osteocalcin. Amplification reactions were carried out through 30 cycles, and the reaction products were separated by electrophoresis on 2% agarose gels and stained with ethidium bromide. RT-PCR conditions were used to demonstrate the presence or absence of product and were only semiquantitative.
Real-time RT-PCR
Expression of adipocyte differentiation markers, PPARγ and aP2 genes, in EMSC and preadipocytes from S-V fraction was quantified according to the real-time RT-PCR. Briefly, total RNA was isolated from cultures using Trizol Reagent (Life Technology) according to manufacturer's protocol. RNA was diluted to 50 ng/ml in formamide and then further diluted 1:100 with RNase-free H 2 O. Ten microliters (5 ng total RNA) of diluted RNA were used per 50 µl RT-PCR reaction to quantitatively determine PPARγ and aP2 mRNA or cyclophillin mRNA level in a reaction using the ABI Prism 7700 Sequence Detection System (Perkin Elmer, Boston, MA). The primer and fluorescent probe sequences used for RT-PCR reaction were as follows (PE Applied Biosystem): for PPARγ mRNA, forward primer: 5′-ACAAGACTACCCTTTACTGAAATTACCAT-3′ and reverse primer: 5′-TGCGAGTGGTCTTCCATCAC-3′, fluorescent probe: 5′-6FAM-TCTGGCCCACCAACTTCGGAATCAG -BHQ-3′; for aP2 mRNA, forward primer: 5′-GCGTGGAATTCGATGAAATCA-3′ and reverse primer: 5′-CCCGCCATCTAGGGTTATGA-3′, fluorescent probe: 5′-6FAM-GCTCTTCACCTTCCTGTCGTCTGCG-BHQ-3′; for cyclophillin mRNA, forward primer: 5′-GGTGGAGAGCACCAAGACAGA-3′ and reverse primer: 5′-GCCGGAGTCGACAATGATG-3′, fluorescent probe: 5′-6FAM-AGCCGGGACAAGCCACTGAAGGAT-TAMRA-3′. A standard was generated using brown fat RNA from A/J mice as described previously (30) . Expression of PPARγ and aP2 mRNA was normalized by level of cyclophillin mRNA in the reaction.
Western blot analysis
Total cell lysates were prepared by adding 150 ul of RIPA buffer containing proteinase inhibitor cocktails (Sigma) and phosphatase inhibitor cocktail I and II (Sigma) during differentiation. Total protein (50 ug) was separated on 12% SDS-polyacrylamide gel and transferred onto PVDF membrane (Millipore). The blots were then incubated with various antibodies against PPARγ (Santa Cruz Biotech), CEBPδ (Santa Cruz Biotech), RIIβ (BD Biosciences), and Cα (BD Biosciences) according to the manufacturer's protocol. To study phosphorylation of cellular protein for AKT and PKA signaling for glucose uptake and lipolysis, respectively, differentiated EMSC were treated with 200 nM insulin or 1 uM norepinephrine for indicated time, and then cells were solubilized by adding SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM DTT, 0.01% bromophenol blue). Soluble cell lysates were separated on 12% SDS-polyacrylamide gel and transferred onto PVDF membrane (Millipore). The blots were then incubated with various antibodies against pAKT (Cell Signaling), pGSK (Cell Signaling), pCREB (Cell Signaling), pp38 MAPK (Cell Signaling), and pRIIβ (BD Biosciences) according to the manufacturer's protocol. Bands were visualized using the Odyssey imaging system (LI-COR Bioscience) with fluorescent (IRDye800 TM or Cy5.5) labeled secondary antibody according to the manufacturer's protocol.
For statistical analysis, we used one-way ANOVA with Dunnett's (Fig. 3 ) or Tukey's (Fig. 4) posttest.
RESULTS
Adipogenic potential of EMSC
To determine the optimal conditions to differentiate EMSC into adipocytes, cells were collected from external ears of three different strains of mice: Hsd:Athymic Nude-nu, FVB, and C57BL/6J. Adipogenic capability of EMSC in vitro was investigated from the primary culture through the fifth passage in all studied strains of mice. At confluence, EMSC at each of five passages was stimulated to differentiate into adipocytes by the addition of differentiation medium for 5 days. Control cultures were maintained in DMEM-F12 medium plus 4% FBS for the same length of time but without the addition of differentiation factors.
The typical adipogenic morphology was revealed by oil red O staining (Fig. 1) . After 5 days in differentiation medium, EMSC show an abundance of red stained lipid droplets (Fig. 1A-C) . On the contrary, virtually no staining was found in EMSC cultured in medium without differentiation factors (Fig. 1D) . Multiple differentiation experiments with EMSC collected from the ears of different strains of mice showed no differences in adipogenic abilities among studied strains (compare Fig. 1A-C) .
The morphological changes during adipocyte differentiation were associated with the expression of adipocyte-specific genes ( Fig. 2A) . The differentiation of EMSC into adipocytes was verified by RT-PCR of PPARγ, aP2, and LPL in total RNA from control/unstimulated cultures and from the cultures stimulated by differentiation medium for 5 days (Fig. 2A) . Cultures from all three strains of mice showed robust adipocyte differentiation as far as passage 5 ( Fig. 2A) . Gene expression was not measured in later passages, but there was a decline in morphological differentiation under the conditions described. Although the expression of marker genes varied between passages, EMSC maintained their adipogenic potentials up to passage 5. The cyclophillin gene, which was used as an internal standard and not expected to vary in response to culture conditions, indeed showed minimal variation in expression among all culture conditions. Additionally, it is evident in Fig. 2A that unstimulated cultures show some, although variable, basal expression of aP2, PPARγ, and LPL. One possible explanation is that it is well documented that macrophages, similar to adipocytes, express LPL, PPARγ, and aP2 (31, 32) . To assess whether expression of adipogenic marker genes in unstimulated EMSC could be due to presence of macrophages in culture, we performed RT-PCR for macrosialin, a murine homologue of the human macrophage marker CD68 (33, 34) . For the PCR assay, we used control EMSC collected from Hsd:Nude-nu mice (Fig. 2B) . Macrosialin mRNA expression was detected in cultures at passage 1 and 2, was very low at passage 3, and decreased to undetectable level by passage 4 (Fig. 2B) .
As an additional measure of adipogenesis, leptin secretion was determined in medium conditioned for 48 h of stimulation from cells in which adipogenic differentiation varied from 3-120 h as described in an experiment by Castro-Munozledo et al. (35) (Fig. 3A) . The level of leptin secretion gradually increased from the 68 pg/ml (3 h of adipogenic stimulation) to achieve a peak at 48 h (1483 pg/ml) and maintained high level of secretion with a prolonged time of adipogenic stimulation (Fig. 3A) . Under control conditions (10 nM insulin), leptin secretion was 41 pg/ml. The leptin level was in accordance with phenotypic changes of EMSC in culture (Fig.  3A) . Phase contrast micrographs taken at the last day of the experiment show gradually increase in the number of adipocytes in culture in relation to the stimulation time period (Fig. 3A) . There were few adipocytes after 3-6 h of exposure adipogenic medium, but there was a robust increase until 48 h in differentiation that remained stable morphologically up to 120 h of stimulation. Nonstimulated cultures in maintenance medium with insulin until the end of experiment showed virtually no adipocytes and very low leptin secretion (Fig. 3A) .
In addition to leptin secretion, differentiated EMSC have shown increased glucose uptake and lipolysis in response to insulin and β-adrenergic stimulation, respectively. As shown in Fig. 3B , EMSC after differentiation demonstrated higher capacity and showed an insulin dependent glucose uptake. In parallel, we also examined the phosphorylation of AKT, which is a downstream kinase involved in insulin stimulated glucose uptake. The stimulation of AKT phosphorylation to a peak level is observed within 30 min in differentiated EMSC together with a slight increase in GSK3β phosphorylation associated with the stimulation of glycogen synthesis (Fig. 3B) . Similarly, norepinephrine stimulates phosphorylation of CREB and p38 MAPK, targets for PKA activation from differentiated EMSC. It has been demonstrated that the lypolysis in 3T3-L1 adipocytes is controlled by cAMP/PKA pathway acting via the PKA regulatory subunits RIα and RIIβ. Our data showed no significant changes in RIIβ phosphorylation by norepinephrine treatment suggesting that RIIβ might be a lesser contributor than RIα in EMSC.
Adipogenic differentiation of EMSC vs. preadipocytes from S-V fraction
To compare adipogenic properties of EMSC to preadipocytes from a S-V fraction, ears and inguinal fat depot samples were collected from the same animals and isolated cells were cultured under the same conditions. The morphological changes in adipogenic differentiation were assessed by staining fixed cultures with oil red O (Fig. 4A) . Lipid accumulation was much denser in EMSC than S-V at the same time point of differentiation (compare Fig. 4A) . A marked increase in lipid droplets was observed in EMSC after TZD treatment (Fig. 4A) . To quantify accumulation of lipid, the oil red O was extracted and absorbance was measured (Fig. 4B) . Whereas adipogenic differentiation of S-V cells from fat tissues was low, that from the EMSC was extremely robust (Fig. 4B) . The above experiment was repeated several times using EMSC and S-V cells from C57BL/6J and FVB strains (data not shown), the differentiation of EMSC was consistently robust, whereas that of S-V cells was highly variable and often very low (compare: Fig. 4Ba and b) . Correspondingly to morphological data, addition of TZD to EMSC previously exposed to differentiation medium for 5 days leads to a robust adipogenic differentiation ( Fig. 4Ba and b) .
The mRNA levels of aP2, LPL, and PPARγ correlate with the degree of oil red O staining as shown in Fig. 5 . Molecular differentiation as evidenced by PPARγ, LPL, and aP2 expression was much higher in EMSC than in preadipocytes. As shown in Fig. 5 , unstimulated cultures show some, although variable, basal expression of the adipocyte differentiation markers (day 0). With adipogenic stimulation (days 1-9), there was a gradual increase in EMSC cultures in the mRNA levels for early adipocyte markers, PPARγ, LPL, and late adipocyte-specific gene aP2. mRNA extracted from the cultures stimulated to differentiation by DM after treatment by TZD (days 7-9) showed marked increase in expression of LPL, PPARγ, and aP2, which was much more prominent in EMSC than S-V. To quantify differentiation of EMSC vs. S-V cells into adipocytes, we measured expression of adipogenic markers, PPARγ and aP2, using real-time RT-PCR (Fig. 6A ). After 9 days in culture, expression of aP2 mRNA increased 50-fold for EMSC and eightfold for S-V cells compared with the control, unstimulated cultures (Fig. 6A ). PPARγ mRNA, as an early differentiation marker, showed significantly higher expression in EMSC at third day of stimulation (Fig. 6A) . Furthermore, TZD induced PPARγ expression more dramatically in EMSC than the S-V fraction (Fig. 6A) . Changes in expression of adipogenic markers were confirmed by Western blotting analysis. As shown in several earlier studies, expression of PPARγ gradually increased during EMSC differentiation and we have observed both PPARγ1 and PPARγ2 expression in differentiated EMSC. C/EBPβ and C/EBPδ genes are transiently expressed in the early stage of adipose conversion in 3T3-L1 cells (36, 37) . In this study, protein level of C/EBPδ gradually increases until 5 days of differentiation in parallel with PPARγ2 and levels were stably maintained during the subsequent days of EMSC differentiation (Fig. 6B ). This pattern of C/EBPδ expression in EMSC is somewhat different than its early transient expression in the early stages of adipogenesis in 3T3-L1 cells. Since lipolysis and thermogenesis from white and brown adipocytes are regulated by SNS activation through the β-adrenergic receptor, cAMP-mediated PKA and downstream signaling pathways are important players in the control of adipocyte metabolism. Recently, we have observed that expression of PKA subunits (Cα, RIα, RIIα, and RIIβ) were dramatically increased during adipocyte differentiation from S-V fractions (Fig. 6B) . It is surprise that expression of PKA regulatory and catalytic subunits for RIα, RIIα, and Cα is highly detected from undifferentiated EMSC and has no change during differentiation (Fig. 6B) . However, PKA regulatory subunit (RIIβ) expression represents markers for fully differentiated adipocytes for both EMSC and S-V fractions (Fig.  6B) . Further study will be necessary to determine Cα associated fat cell differentiation in EMSC.
EMSC cloning
Our previous data provided clear evidence of histochemical, morphological, and biochemical differentiation of EMSC into the osteo-, chondro-, and adipolineages (22) . However, the differentiation into multiple lineages could be explained by the presence of mixed culture of precursor cells. To address this issue, we analyzed the differentiation potential of cloned EMSC isolated by the dilution plating technique (14) . Four clones were selected from ~40 clones obtained from seeding into five 96-well plates. They were passaged 1 clone per 1 well of a 24-well plate. Subconfluent cells were divided into 12 replicas in 24-well plates. EMSC clones were grown in complete medium until they reach confluence. Then, they were stimulated to differentiate into three lineages under the appropriate conditions. Figure 7 displays a typical morphological pattern of undifferentiated EMSC clones (Fig. 7A ) and clones differentiated into osteolineage (Fig. 7B), adipolineage (Fig. 7C) , and chondrolineage (Fig. 7D) . The differentiation toward particular lineage was confirmed by the expression of lineage-specific genes.
Osteogenesis was characterized by strong expression of osteocalcin gene in four clones (Fig.  7E) . The observed size of mRNA for osteocalcin was consistent with that found with RNA extracted from the native tissues (limb; Fig. 7E ). Three out of four clones differentiated into the chondrogenic lineages evident by the expression of procollagen IIα (Fig. 7G) . However, the intensity of procollagen IIα expression varied greatly (Fig. 7G) .
The adipogenic potential of EMSC clones was revealed morphologically by lipid drop accumulation (Fig. 7C) and at the molecular level by expression of PPARγ, aP2, and LPL (Fig.  7F) . Although all four clones expressed adipogenic marker genes, the levels of expression of PPARγ, aP2, and LPL varied among clones. The strongest adipogenic expression was observed in clone 3 where the expression of all three marker genes: PPARγ, aP2, and LPL were prominent ( Fig. 7C and F) . Most importantly, none of the clones showed expression of differentiation markers in cells cultured under control conditions as was observed in the uncloned-mixed cell cultures ( Fig. 2A) . Since cyclophillin was expressed as similar levels in these cultures, there was no question about the quality of the RNA in the assays.
DISCUSSION
In the present study, we have shown that the cells isolated from the ears of different strains of mouse have features characteristic of stem cells, that is they have clonogenic potential and can differentiate into three mesenchymal lineages: adipo-, osteo-, and chondrocytes. Our previous study showed that the presence of EMSC is independent of the age of the animal and that they express the transcriptional factor Oct-4 (22), a marker characteristic of undifferentiated embryonic stem cells (ES). EMSC undergo a very facile adipogenic differentiation in vitro that is sustained beyond passage 5. The optimized culture conditions for adipogenic differentiation indicate that EMSC are an easy obtainable source of stem cells for the study of adipogenesis in primary cell culture model. Accordingly, another tissue becomes available to evaluate the conditions that can suppress or stimulate the differentiation capacity of the resident stem cells of a tissue.
Adipogenesis from undifferentiated mesenchymal stem cells can be viewed as processing through two major steps; first, determination into the adipocyte lineage, i.e., a preadipocyte, and second, differentiation into mature adipocytes. The developmental process by which fibroblastlike preadipocytes acquire the structure and function of mature adipocytes has been extensively studied (7, 8, 10, 38) . Two in vitro cell culture models have been developed for the analysis of cellular and molecular mechanisms taking place during adipogenesis: 1) immortalized preadipocyte cell lines (3T3-L1 and 3T3-F442A (39-42); and 2) primary culture of the S-V fraction of fat depots (9, 25, (43) (44) (45) (46) . These studies have revealed that a cascade of transcription factors necessary for the differentiation of the preadipocyte to adipocyte are induced under appropriate hormonal stimulation and cell density. However, the early molecular events that promote commitment of mesenchymal precursor cells to the adipocyte lineage are not well established as recently reviewed (6) (7) (8) 10) . Studies based on the immortalized embryo fibroblast lines, for example, C3H10T1/2 (47) and 243 cells (48) as well as adult stem cells (49) , that can differentiate into mesodermal lineages revealed that the commitment of adult stem cells into adipolineage requires the same set of stimulation factors as the differentiation of preadipocytes to mature adipocytes (13, 18, 23, 50) . Similarly, our studies indicate that three basic components (insulin, dexamethasone, and IBMX) are sufficient to stimulate EMSC commitment/differentiation into the adipolineage. However, we observed differences in the time needed to achieve 60-80% differentiation between our model and that of others (18, (50) (51) (52) . Human mesenchymal stem cells from human bone marrow require 18-25 days (18, 51) , and human marrow mesodermal progenitor cells 14 days (52) and multipotent human adipose tissue cells require 14 days (50) to differentiate into adipocytes. On the other hand, we found that EMSC developed morphological features characteristic of mature adipocytes after only 7-9 days in culture (Figs. 1, 3, and 4) . Furthermore, leptin is maximally secreted from EMSC cultures, stimulated with adipogenic medium, after only 48 h of stimulation, which closely paralleled the observed morphological conversion rate into adipocytes. This data enables us to speculate that 48 h is the optimal time needed to commit EMSC into adipocyte lineage once the undifferentiated stem cells reach confluency. The studies of Castro-Munozledo et al. (35) indicate that 3T3-F442A cells require 24-36 h of stimulation to be committed into adipocytes. This discrepancy between EMSC and 3T3 preadipocytes can be due to primary vs. established/immortalized cell lines, or adult stem cells (uncommitted) vs. preadipocytes (committed) cells. In addition, significant differences in gene expression have been observed between immortalized in vitro cell lines and adipose tissue in vivo (53) .
To test for the self-renewing capacity and the potential for adipogenic differentiation of EMSC expanded in culture, we monitored cultures at each passage up to passage 5. LPL, aP2, and PPARγ expression in the cultures at each passage together with the morphological appearance of differentiated cells indicated that EMSC are able to differentiate into the adipocyte lineage at least up to passage 5. Interestingly, a low but detectable level of marker genes was observed in control-unstimulated cultures (Fig. 2) . Knowing that macrophages share the expression of aP2, PPARγ, and LPL with adipocytes (31, 32), we performed RT-PCR assay to assess the expression of macrophages marker macrosialin/CD68 in EMSC cultures (33, 34) . The presence of macrophages was detected in control EMSC cultures; however, the level of the macrosialin expression diminished with increased passage number and disappeared completely by passage 4. Our observations suggest that EMSC cultures contain a mixture of differentiated cells types, which include macrophages. With increased passage number, the EMSC seem to be enriched, while other cells types such as macrophages decreased. Moreover, our cloning study clearly showed that control, unstimulated cultures do not express any of the marker genes for the adipo and chondrolineages. Interestingly, osteocalcin expression was observed even after five passages and a very faint band in the control cells. Similarly, Muraglia et al. (14) , analyzing the ability of 187 human bone marrow stromal cell clones to differentiate into the adipo-, chondro-, and osteolineages, found that all clones but one differentiate into the osteogenic lineage.
Our experiments with cloned EMSC showed differences in the relative ability to differentiate into particular lineages. Adipogenic differentiation occurred in all clones, although the intensity based on marker genes expression varied greatly. The weakest differentiation was observed toward chondrolineage. The procollagen II α expression was observed in three out of four clones, although in two of them expression was very low. However, it should be emphasized that chondrogenic differentiation is more favorable in a micromass than in a monolayer model, as observed in our previous study and that of others (18, 22, 54) .
S-V fraction of adipose tissues has been shown to be a source of stem cells that can enter the adipocyte lineage (49, 50) . One can presume that the adipose tissue provides an environment that is optimal for the resident stem cells to differentiate into adipocytes. In another environment, these cells are capable of differentiating into osteocytes or chondrocytes. We have compared the adipogenic potential of mesenchymal cells from ears to the S-V fraction of adipose tissue. Under our conditions, we have found that EMSC have a higher capacity for adipocyte differentiation. If we assume that all connective tissues (55, 56) contain stem cells that are able to differentiate into lineages of mesodermal origin and that they express the adipogenic phenotype of adipocytes in obese individuals, then EMSC can provide a model for the study of phenotypes of adipogenesis in individuals. Moreover, our very recent observations (unpublished data) indicate that 4 mm diameter ear punches, obtained from mice during the standard procedure used for marking animals, are sufficient for EMSC culture. Ear punches collected from C57BL/6J (n=7) and processed according to procedure described in present paper yielded in confluent culture in 35 mm dish (P=0) after 3 days in culture. This model allows one to conduct simultaneously in vivo and in vitro study without need to kill animals or even to study adipogenesis in humans.
In summary, we conclude that ear cells have the characteristics consistent with those expected of adult mesenchymal stem cells and that any normal or mutant strain of mice can readily be analyzed in culture for aspects of adipogenesis, chondrogenesis, and osteogenesis. The in vitro characterization of EMSC indicates very facile adipogenic differentiation that is sustained beyond passage 5. EMSC can provide a novel, easily obtainable, primary culture model for the study of adipogenesis. cultures were stimulated with adipogenic differentiation medium for various times (3-120 h) as indicated. Afterward, cultures were rinsed with serum-free medium, changed to nonadipogenic medium, and maintained up to 168 h. Conditioned media were collected, and leptin secretion was determined. Values are expressed as pg/ml of conditioned medium (means±SE). *P < 0.01, statistical significance compared with control conditions. B) Effects of insulin on rate of glucose uptake and AKT phosphorylation in EMSC cultures. 2-Deoxyglucose uptake assay was done with and without differentiation as described. Values are averages from quadruplicate cultures for each experimental condition (top). Western blot analysis for AKT and downstream GSK3β phosphorylation by insulin stimulation in differntiated EMSC (bottom). Differentiated EMSC was treated with 200 nM insulin for indicated time, and cell lysates were prepared by adding SDS sample buffer. Western blot analysis was performed with antibodies against AKT, phospho-AKT (serine-473), and phospho-GSK3β as described in Materials and Methods. Mouse β-actin antibody (AbCam) was applied as a loading control. C) Effects of norepinephrine on activation of PKA signaling in EMSC cultures. Differentiated EMSC was treated with 1 uM norepinephrine for indicated time, and cell lysates were prepared by adding SDS sample buffer. Western blot analysis was performed with antibodies against phospho-CREB (serine-133) and phospho-p38 MAPK and phospho-RIIβ as described. Mouse β-actin antibody was applied as a loading control. 6 . A) Real-time RT-PCR analysis for PPARγ and aP2. Fold increase after 3, 5, 7, and 9 days in culture is shown in relation to control, unstimulated cultures at days 0. Cells were grown and differentiated by adding differentiation medium for days 3 and 5 and changed to medium containing 2 µM of thiazolidinedione (TZD) for days 7 and 9. B) Expression of adipogenic transcription factors and markers during adipocyte differentiation from EMSC and S-V fraction. Total cell lysates were prepared by adding RIPA buffer containing proteinase inhibitor cocktails (Sigma) and phosphatase inhibitor cocktail I and II (Sigma) at indicated time. Total proteins (50 ug) were separated on 12% SDS-polyacrylamide gel and transferred onto PVDF membrane (Millipore). Blots were then incubated with antibodies against PPARγ (Santa Cruz Biotech), CEBPδ (Santa Cruz Biotech), RIα (BD Biosciences), RIIα (BD Biosciences), RIIβ (Santa Cruz Biotech), and Cα (Santa Cruz Biotech) as described. Mouse β-actin antibody was applied as a loading control. Then, they were maintained in differentiation medium: osteogenic (B), adipogenic (C), and chondrogenic (D) for various times as described in Material and Methods. Differentiation toward particular lineage was confirmed by expression of specific genes: osteocalcin (E); PPARγ, LPL, and aP2 (F); procollagen II α (G). c: control/unstimulated cultures; L: limb tissues.
